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Molecular organization in organic semiconductor thin films observed
in real time
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Post-deposition molecular rearrangement in thin organic films is revealed by in situ real-time
photoelectron spectroscopy during organic molecular beam deposition. Agreement between real
time spectroscopy and Monte Carlo modeling confirms the role of nearest-neighbor molecular
attraction in driving a time-dependent morphology for oriented films of tin phthalocyanine (SnPc)
on a range of substrates. The time-dependent molecular self-organization occurs over timescales
comparable to the growth rates and is therefore an important factor in the degradation of thin films
of organic semiconductors typically considered for the fabrication of multilayer semiconductor
devices.VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4775762]
Metal phthalocyanines are among the most robust, effi-
cient, and cost-effective of organic semiconductors whose
electronic, optoelectronic, and spin-conserving attributes offer
applications such as photovoltaic cells,1 Organic Light Emit-
ting Diodes (OLED),2 and organic spin valves.3 The active or-
ganic layers are most commonly fabricated using vacuum
sublimation, and it is usually assumed that the molecules rap-
idly organize into oriented films. However, using in situ elec-
tron spectroscopy applied in real time during organic
molecular beam deposition, we have found that molecules of
tin II phthalocyanine rearrange within grown films over
remarkably long time scales that are greater than typical
growth rates. This leads to significant time-dependent changes
in the thin film morphology for a range of substrates. A mech-
anism is proposed for this process based on a slow molecular
self-organization within the film that is confirmed using
Monte-Carlo modeling.
Understanding the diffusion and self-organization of
organic molecules in solids and liquids over appropriate ener-
getic, temporal, and spatial ranges is crucial in understanding
many natural and synthetic architectures. Ideally, experimen-
tal probes should be applied in situ and in real time to provide
parallel and complementary information while being non-
invasive in the formation process. This is rarely achievable,
and most approaches involve one measurement technique
probing one property. Examples include fluorescence micros-
copy for bio-molecule motion,4 scanned-probe microscopy for
nano-scale molecular motion,5 and laser spectroscopy for
ultrafast processes.6 In each case, it is important to match the
technique to the property under study.
In the fabrication of organic semiconductor devices, the
probing method must be sensitive to molecular length scales
in at least one dimension, it must resonate with the principal
energy transfer mechanism in the solid and it must have the
temporal resolution to probe either the individual molecular
motion or rate of processing. Such in situ techniques include
x-ray diffraction,7 electron diffraction,8 and light scattering.9
Photoelectron-based methods have the required inherent
nano-scale sensitivity but are rarely used as a real-time probe
since the data acquisition time is usually prohibitive.10–12
Using a combination of a bright synchrotron light source and
multichannel electron detection, coupled to theoretical mod-
eling, we have been able to apply this method in real time to
reveal the evolving organization of molecules during the
growth of thin organic semiconductor films on different
semiconductor and metal substrates.
Interfaces where small organic molecules such as SnPc
are in contact with metals and other semiconductors are often
the performance-limiting regions of electronic and photonic
devices and the substrates in this study have been chosen in
this context. Au is a common electrode and substrate for mo-
lecular adsorption; Si-organic systems are of broad interest in
the integration of organic and inorganic technologies for exam-
ple, for new bio-sensors and III-V-organic systems are of inter-
est in photonic, electronic, and spintronic applications.13,14
Passivated H:Si(111) and S:GaAs(001) surfaces were
initially prepared by chemical etching using HF (Ref. 15)
and S2Cl2 (Ref. 16), respectively, and polycrystalline gold
substrates were polished and solvent cleaned. Following in
situ annealing and (for Au) Ar ion sputtering, each substrate
was in turn exposed to SnPc thermally evaporated from a
shutter-controlled, water-cooled Knudsen cell with the mo-
lecular flux determined from a quartz crystal thickness moni-
tor placed in the vicinity of the sample. The film thickness
and morphology was confirmed using non-contact atomic
force microscopy (AFM) in ambient conditions.
Fast photoelectron spectroscopy probing both core and
occupied valence states has been enabled using a direct electron
counting multi-channel array detector coupled to a conventional
hemispherical array detector.12,17 Tunable synchrotron radiation
in the soft x-ray region enables valence and core level electron
spectra to be recorded during growth using a single incident
photon energy. All accessible substrate and overlayer core lev-
els and band edges were monitored sequentially to provide a
direct and parallel probe of the changing chemical,
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morphological, and electronic properties of the growing
inorganic-organic interfaces. The experimental arrangement is
illustrated schematically in Fig. 1(a). The focus here is on the
evolving morphology of the organic film, hence consideration
is given only to the variation in intensity of the principal core
level emission peaks.
The Si 2p, As 3d, and Au 4f core level emission peaks for
Si, GaAs, and Au substrates are shown in Fig. 1(b) along with
snapshot spectra (open symbols) recorded in 700ms, 250ms,
and 100ms, respectively. The essential spectral features are
reproduced by the rapidly collected snapshot spectra although
there is some compromise in intensity and energy resolution.
As an example of the time evolution of such photoelectron
spectra, a sequence of Au 4f spectra recorded in real time dur-
ing exposure of a polycrystalline gold substrate to a flux of
SnPc is presented in Figure 1(c). Prior to exposure (t< 0 s),
there is no change in peak position or intensity. This confirms
the stability of the measurement environment. During expo-
sure (0 s< t< 850 s), the doublet peak does not change in
shape or position, but is significantly reduced in intensity. The
constant line shape indicates a chemically undisrupted sub-
strate. Similarly inert interfaces are found for Si and GaAs,
and, for the Si(111) surface, the Si 2p core level peak is also
unchanged in position during exposure to the SnPc molecules.
The Fermi level position at the Si(111) surface is therefore
unaffected by the organic adlayer. For the GaAs(001) surface,
however, both As 3d and Ga 3d core levels in the GaAs move
significantly during exposure indicating a strong organic-
induced band-bending shift in the GaAs that is related to
changes in interface state density and occupation.14 When the
SnPc cell shutter is closed at t¼ 850 s, there is an increase in
the Au 4f intensity and this unexpected effect is observed for
all three substrates.
In each sequence of real-time core level spectra, a
curve-fitting procedure was applied to extract the peak inten-
sity and peak position for each core level. The time depend-
ence of the peak intensity for each of the three substrate core
levels is shown in Fig. 2. For all three, there is an initial rapid
decrease in intensity is followed by a slower attenuation rate
and surprisingly, when the SnPc flux is turned off, there is a
recovery of the substrate peak intensity. These different
regimes are defined by regions A-D as shown in Fig. 2.
Region A corresponds to the steady-state prior to exposure
of the substrate to the organic molecules where a constant in-
tensity is measured. Regions B and C correspond to exposure
of the substrates to SnPc. In Fig. 2, the time axis has been
converted into SnPc coverage using deposition rates cali-
brated with reference to a quartz crystal thickness monitor.
The closing of the shutter, indicated by the vertical line at
t¼ 0 s, marks the start of region D where, in each case, there
is a slow recovery in the substrate peak intensity over many
tens of minutes.
The initial rate of attenuation (region B) for each sub-
strate can be modeled using a simple exponential expression
for laminar growth. The fitted curves are shown as straight
lines in the semi-logarithmic plots of Fig. 2. This model pro-
vides the mean free path of the photoelectrons at each
kinetic energy, and these are presented in Table I. The values
FIG. 1. (a) Schematic of the real-time monitoring of organic thin film
growth. (b) Core level emission spectra for Si(111), GaAs(001) and poly-
crystalline Au. Snapshot spectra (open symbols) are shown superimposed on
the scanned energy spectra (solid lines). As 3d spectra were recorded in
250ms, Si 2p spectra were recorded in 750ms and Au 4f spectra were
recorded in 100ms. (c) Time evolution of the Au 4f snapshot spectrum
before, during and after exposure to the organic flux. The onset of exposure
is shown as t¼ 0 s and the exposure is turned off at t¼ 850 s.
FIG. 2. Attenuation of the substrate core level peaks for SnPc adsorption on
Si, GaAs and Au prior to SnPc exposure (region A), during exposure
(regions B and C) and after exposure (region D). The molecular orientation
within the first layer is illustrated for each substrate. The open symbols rep-
resent experimental points extracted from fitting sequences of Si 2p, As 3d,
and Au 4f spectra and the large solid symbols for GaAs represent data
acquired in conventional photoemission experiments. The solid lines are ex-
ponential fits to the real-time data in regions B and D. The final morphology,
measured by ambient, non-contact AFM, for a 1 nm SnPc film is shown in
the inset for GaAs.
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range from 0.3 nm for the As 3d photoelectrons to 0.8 nm for
the Au 4f photoelectrons and these map well to the universal
curve that has a minimum for electron kinetic energies
around 50 eV.18 During exposure of each substrate to the
molecular flux, there is a corresponding increase in the Sn 4d
core level of the growing organic film19 and this can also be
modeled using a single exponential term with a similar elec-
tron escape depth. The growth of SnPc is thus uniform and
2-dimensional on each substrate up to a critical thickness, xc,
defined by the point of inflection separating regions B and C.
The critical thickness can be accurately determined from the
real-time data (Fig. 2) and a different value was obtained for
each substrate as shown in Table I. This can be explained by
considering the molecular structure within the organic films.
Planar molecules such as the metal phthalocyanines ex-
hibit a range of substrate-dependent structural ordering with
a general tendency to lay more parallel on a substrate when
its surface is smooth.20 The precise orientation of the SnPc
molecules on flat substrates can be determined using angle-
resolved x-ray absorption spectroscopy21 and we have
applied this technique to determine the orientation of SnPc
molecules within our thin films. There is a well-defined
orientation for SnPc molecules on both the Si(111) and
GaAs(001) surfaces with calculated angles relative to the
surface plane of 24" and 39", respectively.19 If it is assumed
that the first layer is one molecule deep, then the thickness
of this first layer is calculated to be 0.6 nm for Si and
0.9 nm for GaAs (based on a molecular diameter of 1.4 nm
(Ref. 22)). These are close to the values of xc determined
from the data of Figure 2 (Table I), with a rather better
agreement for the GaAs(001) substrate than the Si(111)
substrate. No x-ray absorption measurements were possible
for the gold substrate due to its roughness, but the value of
xc for this substrate is close to the diameter of the SnPc
molecule and this would be consistent with a single molecu-
lar layer if the molecules were standing on end on this sub-
strate. Interestingly, there appears to be a correlation
between the molecular orientation and the surface rough-
ness of each substrate as determined from non-contact AFM
measurements (Table I), with the molecules standing up on
the rough Au substrate while lying flatter on the smoother
GaAs and Si substrates.
For thicknesses beyond xc (region C), it is not possible
to model the attenuation using a simple function, and this
suggests a competition between at least two processes. Possi-
ble mechanisms for the observed reduction in the attenuation
rate are enhanced inter-diffusion, increased desorption, and
molecular clustering. Diffusion of molecules into the sub-
strate is unlikely due to their size and this is supported by the
absence of any spectral changes in the photoemission data
presented in Fig. 1. A second possibility is a reduction in the
sticking coefficient for films of thickness greater than xc due
to desorption of molecules from the surface before becoming
incorporated into the growing film. This has been reported
for metal adsorption on III-V semiconductors at high temper-
atures.10 For SnPc adsorption, desorption of the organic mol-
ecules is not likely to dominate at room temperature,
although we have found that this effect becomes noticeable
as the substrate temperature approaches the sublimation tem-
perature at around 400 "C. The most likely mechanism is thus
an enhanced clustering in the thicker films that results in 3-d
island growth where molecules incident on the first wetting
layer do not form uniform 2-d layers. The clustering model is
preferred over the desorption model since ex situ AFM meas-
urements (inset of Fig. 2) show that the total amount of SnPc
is consistent with that predicted by photoemission assuming
unity sticking coefficient. The AFM measurements also
reveal an increased roughness of the deposited organic film
in comparison with the clean substrate surfaces.23 In region
C, therefore, the molecules are more mobile than in region B
with molecule-molecule interaction becoming significant.
Further insights into this process are revealed in the data cor-
responding to region D, where the intensity profiles are
recorded after closure of the SnPc evaporation cell. Surpris-
ingly, a recovery in the substrate core level peak intensity
(and a corresponding decrease in the organic core level peak
intensity) was observed for each substrate.
It is possible to model this recovery process using an ex-
ponential function of the form I ¼ I0 1# exp # t#t0s
! "# $
to rep-
resent a time-dependent decrease in electron absorbing
material and hence increase in the observed photoelectron in-
tensity. For each substrate, the data could be modeled using a
single time constant and this suggests that a simple, single
process is responsible for the intensity recovery. This is in
contrast, for example, to the desorption of Sb atoms from a
heated GaSb surface where modeling of the data requires two
time constants resulting from different adsorption sites.10 The
results of the fitting process for each of the three substrates are
presented in Table I. The time constant is lowest for SnPc
clustering on the roughest (Au) substrate where the molecules
are standing up. For the smoother GaAs and Si surface, where
the molecules are lying more parallel to the surface, the time
constant for the intensity recovery is greater due to a lower
molecular mobility. The time constant does however show
some sensitivity to growth conditions such as the rate of ar-
rival of the molecules and substrate temperature.
The time-dependent competition between adsorption
and clustering is not usually observed in conventional photo-
emission measurements due to the long data acquisition
times. This is illustrated in Fig. 2 for GaAs where real-time
measurements (small open symbols) are compared with con-
ventionally measured data (large solid symbols). During the
initial uniform growth phase, the agreement is good but the
data points diverge beyond the critical thickness. The con-
ventional data in this region have higher intensities at the
same nominal SnPc coverage, and this suggests that a more
clustered film is formed in these slower experiments, where
the SnPc film has time to relax between and during data ac-
quisition. The data converge at longer times following recov-
ery of the peak intensity in the real-time data.
TABLE I. Growth parameters for SnPc thin films on Si, GaAs, and Au
substrates.
Substrate Si GaAs Au
Mean free path/nm 0.6 0.3 0.8
Critical thickness/nm 0.4 0.9 1.5
Roughness/nm 0.1 1.0 30
Time constant/s 1.8$ 103 1.2$ 103 1.4$ 102
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AFM measurements confirm the clustered nature of the
film as shown in the topography image in the inset of Fig. 2
for a SnPc film of nominal thickness 1 nm grown on GaAs
and exposed to atmosphere. Cluster sizes of around
20 nm$ 100 nm are observed and a similar cluster size has
been reported for thicker films (10s–100s of nm) on this sub-
strate.23 It appears therefore that the clustering continues on
exposure to air, with the molecules tending to cluster to a
constant size. Rapidly grown films are uniform even at the
lowest coverages, while thicker films that are allowed to
relax are only fully uniform when the thickness is compara-
ble to the cluster size (>20 nm).
To account for the experimental data in region C, where
the clustering process is competing with the adsorption of
SnPc molecules, a more detailed model has been developed
using a Monte-Carlo lattice-gas method.24,25 In this model,
the weakly interacting molecules are treated as flat-lying
individual semi-transparent “tiles” which occupy points on a
grid when deposited on a uniform surface.24 They are
allowed to re-organize but are not allowed to desorb from
the surface. The substrate surface was modeled as a square-
connected grid (N¼ 80$ 80) with periodic boundary condi-
tions and orthogonal 4-fold connectivity and the transmission
of radiation through the structure generated by the model
was calculated by A ¼ 1N
PN
i¼0 e
#kCi where k is the extinction
coefficient and Ci the total number of molecules at each
point in the lattice.
Adsorption of molecules was simulated by placing n mol-
ecules per time step (n/N determines the deposition rate pa-
rameter) into random positions on the grid. At each timestep
in the simulation, a Monte-Carlo component decides if the
molecule at the top of each grid point is to be moved to a ran-
dom neighboring site. The neighborhood surrounding each
molecule is examined and a “binding” parameter, u, calcu-
lated, corresponding to the energy holding the molecule in
place. The parameter, u, is calculated by u ¼ g$ uhorizontal
þ uvertical, where g is the number of adjacent cells containing
equal or greater number of molecules, uhorizontal is the van der
Waals force between adjacent molecules in the same plane,
and uvertical either the force between molecules in different
planes or between a molecule and the substrate. The molecule
is free to jump if e# ukT > p, where k is Boltzmann’s constant,
T is the simulation temperature in K (normally 300K), and p
is a random number picked from a uniform distribution over
the range 0 to 1. If the molecule is free to jump, then it is relo-
cated to one of the orthogonally adjacent cells picked at ran-
dom. During real deposition of material from a Knudsen cell,
additional energy is supplied to the surface of the substrate by
the impingement of the stream of supersonic particles, this is
modeled in the simulation by allowing for a higher simulation
temperature during the deposition phase (500K).
In Fig. 3, an attenuation curve produced from the theoret-
ical model by treating each molecule as a semi-transparent tile
is presented (a) in comparison with experimental data for
SnPc growth on polycrystalline gold (b). The simulated
attenuation curve reproduces all the essential features of
regions C and D in the experimental data, in particular the
post-growth recovery in substrate intensity. The configurations
of the molecules generated by the calculation at timesteps
5000 and 50 000 are displayed as insets in Fig. 3 and these
reveal that the morphology of the film already shows signs of
clustering at the end of the exposure in agreement with experi-
ment. The islands become much more pronounced with time
as the molecules organize slowly within the organic layer.
The experimentally observed photoelectron intensity
variation is therefore determined by a competition between
incorporation of molecules into the growing film and slow
molecular re-organization within the film. Molecules in the
first layer are locked in place by the dominant molecule-
substrate attraction although the core level line shapes do not
suggest strong charge transfer or covalent bond formation.
Beyond the first layer, molecule-molecule attraction initiates
cluster formation but this process is slow, with morphologi-
cal changes occurring over the same timescale as thin film
growth and the clustering continues for many tens of minutes
after the organic flux has been removed. This has important
consequences for multilayer thin film devices where the
inter-molecular structure and film uniformity that determine
the charge or spin transport can change significantly over
long time scales. This slow self-organization also provides a
way to engineer new blended structures using time as an
additional control parameter in the fabrication process.
This work was supported by the EPSRC and the STFC
and was performed within the Centre for Advanced Func-
tional Materials and Devices, a HEFCW Research and
FIG. 3. (a) Monte Carlo modeling of the growth of an organic film to provide
simulated total electron absorption through this film as a function of time.
Also shown is the morphology of the film generated by the model at the end
of exposure and following time-dependent molecular re-organization within
the grown film. The model reproduces the experimentally observed attenua-
tion and recovery of the transmitted electron intensity for SnPc adsorption and
clustering on Au (b). The inset of (b) illustrates schematically the evolving
morphology of the organic film.
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